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Abstract 
An innovative gravity-fed combined solar receiver/storage system for thermal energy storage (TES) is presented for concentrated 
solar power (CSP) plants with beam down tower configuration. Sand particles are employed as heat collector, heat transfer and 
thermal energy storage media in contrast to conventionally used materials such as molten salts or synthetic oils. Relevant 
properties of two sand samples from the United Arab Emirates (UAE) deserts are examined. A prototype of the receiver was 
manufactured and its elements were characterized. Preliminary tests on the prototype were performed under the concentrated flux 
of a 2 kW solar furnace and associated results are presented. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Within current complex energy ecosystem, solar thermal energy provides an excellent source of renewable energy 
to produce electricity in CSP plants. However, to successfully produce electricity on demand, independently from 
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solar intermittencies, the usage of TES technologies becomes crucial. Current TES systems allow for higher capacity 
factors although at the cost of increasing the power plant cost. Available data [1] suggest that the incremental cost 
can be justified economically. Furthermore, without exceeding a specific storage size, the levelized cost of electricity 
reduces as the available hours of storage increase [1]. To target the cost reduction of the power plant, this paper 
focuses in key areas such as the material to collect, store and transfer the energy as well as the receiver itself. 
At present, nitrate salts (molten salts) are used as storage media in conventional commercial TES systems and 
thousands of imported tons of salts are necessary for each plant. Through the development of CSP systems based on 
other available materials, new innovative and sustainable approaches could be possible. It is estimated that for a CSP 
plant to be economically feasible at present time, direct normal irradiation levels of 2000 kWh/m2/year or above are 
required [1]. This makes many areas in the vicinity of deserts, such as the Arabian Peninsula, suitable for the 
installation of such plants. For this reason, readily available particulate materials, such as sand, offer good 
opportunities to develop low-cost central particle receivers and high temperature storage systems, where the solid 
particles act as the heat collector, the heat transfer and the heat storage media. Silica sand is thermally stable above 
800 °C [2], in contrast to molten salts, such as nitrate salts, which are limited to 565 °C due to their degradation [3]. 
This increase in the operational temperatures leads to higher efficiencies of the power cycle. The sand is also easily 
movable, permitting a gravity fed system to be implemented. 
In the present paper, two sand samples from different desert locations in the UAE were selected and 
characterized. A central particle receiver system with high temperature storage which employs the analyzed sand is 
presented. To implement the concept, a prototype unit of the receiver was manufactured and examined at the 
PROMES-CNRS solar facilities in Font Romeu-Odeillo-Via, France. 
2. Material characterization 
2.1. Material selection 
Two sand samples were collected from different locations of the UAE desert, which had variations in color and 
particle size distribution. These differences are expected to affect the radiative heat transfer properties of the sand, 
their thermal and physical behavior and ultimately their performance when integrated in the TES system. 
The differences in color are a consequence of the variability of the chemical composition of the sands, on which 
its thermal properties are dependent. Jallad et al [4] performed a spectroscopic analysis of several sand samples 
recovered in all of the emirates of the UAE and identified the main compounds present in each case. As it was 
found, the variation in the sand color from the east and central areas of the UAE (sample 1 in Fig. 1), where the 
samples are light brown, to the west, where the color is closer to red (sample 2), can be explained by the increase of 
iron oxides in the field. Otherwise, the samples collected in those areas are mainly constituted of calcite (CaCO3) 
and quartz (SiO2). Finally, the dark color of the sand in Al Ain close to the border with Oman is explained as these 
sands were formed by corrosion of the gabbro rocks at the Hajar mountain range with a significant presence of 
hematite. Fig. 1 illustrates the points of collection. 
 
Fig. 1. Points of collection of the sand samples 
1 
2 
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2.2. Material characterization 
2.2.1. Particle size 
Every sand sample was separated through a series of wire mesh sieves. The chosen standard was ISO 3310-1 and 
the sieves used had nominal aperture sizes of 4, 2, 1.25, 0.85, 0.71, 0.6, 0.425, 0.2, 0.1, 0.063 and 0.045 mm. The 
particles stopped between each pair of sieves were weighted and recorded. Fig. 2 illustrates the weight percentage of 
particles stopped between every given pair of sieves for samples 1 and 2. 
 (a)                                                                            (b) 
Fig. 2. (a) size distribution for sample 1, (b) size distribution for sample 2 
 
To calculate the average size of each sample, the Sauter mean diameter (SMD) is utilized, taking into account the 
mass of particles stopped between each pair of sizes [5]. The SMD is calculated as follows: 
ܵܯܦ = ߑ௜(݉௜ ×  ݀௔௩) ܯΤ  (1) 
 
Where mi is the mass stopped by a given sieve i; dav is the mean size between the stopping sieve i and the immediate 
larger one; and M is the total mass sieved for a given sample. Table 1 shows the calculated SMD for each sample. 
                                                                              Table 1. Calculated Sauter mean diameter of the sand samples 
Sample 1 2 
SMD (mm) 0.164 0.202 
 
2.2.2. Density and porosity 
The bulk density, the particle density and the porosity of the sand bed were measured and the results are 
summarized in Table 2. 
                                                  Table 2. Measured density and porosity of the sand samples 
Sample 1 2 
Bulk density (kg/m3) 1493.14 1588.20 
Particle density (kg/m3) 2612.00 2656.58 
Porosity 0.43 0.40 
 
2.2.3. Thermal stability 
2.2.3.1. Thermal gravimetric analysis 
A thermal gravimetric analysis (TGA) was performed on the samples to observe any mass change within the 
expected range of operation of the system. The results of the analysis are shown in Fig. 3. 
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  (a)                                                                                      (b)                                                               
Fig. 3. (a) TGA of sample 1, (b) TGA of sample 2  
 
Although it is not clearly visible in the figure, one of the significant events occurred when crossing 500 °C, due 
WRDFU\VWDOORJUDSKLFWUDQVLWLRQRIWKHTXDUW]LQWKHVDPSOHVIURPȕ-4XDUW]WRĮ-Quartz [6]. It is observable the mass 
reduction due to the loss of water in the range 100-200 °C. Samples are losing around 0.3% of water (mainly due to 
adsorbed water on sand particles). Also, there is a significant reduction of mass, especially in the range of 600 °C to 
800 °C, due to combustion and/or decomposition of calcium carbonate inside the samples. This was reflected by the 
Fourier Transform-Infrared spectrum presented in Fig. 4. It clearly showed that CO2 and probably CO was being 
emitted (CO2 vibration mode overlapped the CO ones). Further analysis involving chemical characterization of the 
samples will be performed to quantitatively assess the changes occurring in the chemical composition of the 
samples. 
After the first cycle the mass of the two sand samples is perfectly stable up to 1100 °C as indicated in red in the 
curves. This shows that the transformations previously identified occur only during the first heating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. FT-IR spectrum of decomposition gas during TGA experiment 
 
2.2.3.2. Static heating in a furnace 
The small quantities analysed in the TGA may be insufficient to predict the behavior of larger quantities of sand 
under concentrated flux. For this reason, larger sand samples were heated up to 1000 °C in a controlled furnace to 
observe the behavior of the sand in static conditions in this range of temperatures. This temperature was set as the 
limit as it is not expected that higher temperatures will be achieved in the system. 200 g of each sample were heated 
up to 1000 °C in increments of 50 °C, maintaining the temperature for at least 30 min at each time. Visual 
observation revealed that some particles changed from darker colors to lighter ones in both samples after 700 °C, 
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which may be due to some change in the chemical composition. As in the TGA, a significant mass reduction was 
observed, which is summarized in Table 3 along with the results from the TGA. 
 
        Table 3. Measured mass reduction during the TGA and furnace heating 
Initial mass (g) Final mass (g) Percent decrease in mass 
Sample 1 TGA 0.0293 0.0218 25.83 
Furnace 200.0 149.6 25.20 
Sample 2 TGA 0.0221 0.0187 15.53 
Furnace 200.0 162.9 18.55 
 
 
Agglomeration of sand particles, which could be due to sintering effect, was observed in the range of 950-1000 
°C in both samples. Sintering can occur mainly due to two reasons: the melting of impurities on the periphery of the 
particles or the melting of the particles themselves [2]. Studies carried out in literature about the effect of sintering 
of silica sand at high temperatures [2], indicate that the silica sand does not sinter at 1000 °C, and hence, this effect 
must be due to the melting of impurities. In a further study, the chemical characterization of the samples before and 
after the high temperature test will be performed to confirm this point and identify which impurities are causing the 
sintering. 
 
2.2.3.3. Static heating under concentrated flux 
The behavior of particles under the concentrated solar flux is specific and cannot be fully predicted with anything 
different from a real solar furnace. For these reasons, in addition to the previous analysis, the samples were also 
heated under the concentrated flux up to 1000 °C in intervals of 50 °C. The same phenomenon of the changing of 
color for some particles in the surface was observed after 700 °C in the case of both samples. Agglomeration on the 
surface of the surface was also observed in the range of 950-1000 °C for both samples. 
(a) (b) 
 
Fig. 5. Sample 2 (a) before and (b) after the heating under the concentrated solar flux 
 
In Fig. 5, it is possible to compare the surface of sample 2 before and after the heating under the concentrated 
solar flux. It is clearly visible that the central area that reached temperatures over 1000 °C turned completely 
grey/white and formed agglomerates of particles. The surroundings, that reached over 700 °C, turned to lighter 
tones, while the periphery, that reached around 500 °C, maintained its original color. 
3. Combined receiver and TES system 
Focusing on beam down concentrator type designs [7], a two-tank gravity-fed combined solar receiver with 
storage system is proposed. Sand particles are used as heat collector, heat transfer and thermal energy storage media. 
In this design, sand is easily transported by gravity in a sand hourglass-like manner. The particles flow from the 
“cold” tank, crossing the concentrated solar flux to collect the thermal energy, to the “hot” tank, charging the storage 
system. The particles are kept there until the system is discharged by a heat exchanger with pressurized water as 
secondary fluid to extract the thermal energy. This new concept should lead to a significant decrease of the CSP 
plant costs (solar receiver + TES + heat transfer fluid). A simplified schematic of the system is presented in Fig. 6. 
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Fig. 6. Proposed combined receiver and TES system 
3.1. Experimental set up of the system charging 
To validate the charge step of the system, a prototype of the receiver was developed and installed at the 
PROMES-CNRS solar facilities in Font Romeu-Odeillo-Via, France, to be tested under the concentrated flux of a 2 
kW solar furnace. A schematic of the facility is shown in Fig. 7. Sunlight is reflected on a 2 m-diameter parabolic 
mirror by a horizontal heliostat. The focal length of the parabola is 85 cm with a peak flux of 1400 W/cm2 
considering a standard direct irradiation of 1000 W/m2 [8]. For the present work, the experiments were carried out at 
a given length away from the focal plane to avoid excessive energy input and prevent sand melting, as well as 
reproducing solar concentration conditions similar to those of the beam down concentrator at Masdar Institute Solar 
Platform. 
Apart from the solar parabola, the system consists of a feeding tube that supplies the sand with the assistance of 
a vibrator to ease the flow of particles. The tube finishes in a conical distributor to allow the particles to fall forming 
a uniform curtain over the conical solar receiver. A constant moving sand bed is kept over the receiver orifice. After 
capturing the solar energy, the particles fall into the hot tank to be stored.  
(a)  (b)  
 
Fig. 7. (a) experimental setup, (b) close-up of the solar receiver and the conical distributor 
All the components under the concentrated flux were manufactured in stainless steel 304 L to withstand elevated 
temperatures. Even though the optimal angle of inclination of the receiver in terms of energy capture and reduction 
of reflective losses is 30 ° since the the concentrated flux angle of the parabola is 120 °, the angle was set to be 35 ° 
Conical 
distributor 
Solar receiver 
Position of 
thermocouples 
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to ensure smoother flow of particles. Some empirical testing was carried out after having heated the samples up to 
105 °C to remove accumulated water. It was interesting to observe that finer particles require higher inclination 
angles than coarser ones. These results were in consonance with other studies about flowing particles found in 
literature [9]. Initially, the orifice of the receiver was 1.5 mm in diameter, but it was observed that the sand was 
obstructing it, so it was increased to 2 mm. 
                     (a) (b) 
Fig. 8. (a) technical drawings, (b) perspective image of the conical solar receiver 
Prior to the beginning of the tests under the concentrated flux, the mass flow rate was characterized for the 
different samples and for different angles of the receiver, for which two more receivers were manufactured in 
aluminum at      30 ° and 40 °. It was found that the maximum mass flow rate was achieved when the orifice of the 
receivers was saturated with particles (flow completely chocked), which is the expected condition to allow sufficient 
residence time for the particles to capture the thermal energy. As found in literature [10], after a certain height of 
particles, the mass flow rate through the orifice reaches an asymptotic value, which is independent of the flow stress 
(dependent on the size of the orifice) and the height of particles. In our case, once the receiver was saturated, the 
observed mass flow rate remained constant. Table 4 summarizes the mass flow rate measured values for each 
sample and each receiver. 
              Table 4. Measured mass flow rates for the sand samples and the different receivers 
   Mass flow rate (g/s) 
Sample 1 30 degrees Al receiver 0.480 
 35 degrees steel receiver 0.358 
 40 degrees Al receiver 0.404 
Sample 2 30 degrees Al receiver 0.426 
 35 degrees steel receiver 0.331 
 40 degrees Al receiver 0.354 
It is interesting to notice that the angle of inclination and the mass flow rate are not proportionally related, 
obtaining the minimum mass flow rate for the angle of 35 ° and the maximum for the angle of 30 ° in the case of 
both samples. Also, for the same receiver, sample 1 presents higher mass flow rates than sample 2. For the stainless 
steel receiver which was used under the concentrated flux, this increase in the mass flow rate was 8 %. Since smaller 
particles should yield a higher mass flow rate than bigger ones for the same aperture of the orifice [10], this is in 
concordance with the results from the size analysis and the calculation of the SMD, which was lower for the 
particles in sample 1. 
The mass flow rate in the receiver was controlled by the vibrator regulated by a power source. The flow was such 
that the orifice of the receiver was completely chocked (maximum flow rate for a given angle) throughout the tests. 
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Prior to the tests under the concentrated flux, a “cold” test without irradiation is performed to effectively evaluate 
that the level of sand over the orifice is adequate and to adjust the voltage according to it. Moreover, after the 
completion of the test with constant voltage under the concentrated flux, the mass flow rate is calculated by 
accounting the mass accumulated in the hot tank over the time elapsed. As it will be mentioned later on, there are 
some sand losses over the receiver due to the perturbation of air in the room. Hence, this last calculation is essential 
to effectively know the mass flow rate through the receiver orifice. In the future prototype the vibrator will be 
removed to avoid any parasitic energy consumption. 
3.2. Experimental results 
3.2.1. Comparison of TES capabilities 
In order to compare the thermal conductivity of the samples, a 60 mm-high bed of each sample was exposed to a 
pseudo-constant concentrated solar flux at its top. In the case of sample 1, the direct normal irradiation varied 
between 937-1005 W/m2 over the four hours that lasted the experiment, while in the case of sample 2, it varied 
between 900-950 W/m2. The position of the surface of the samples with respect to the focus point of the parabolic 
mirror was kept constant. The studied masses were 1,639.2 g in the case of sample 1 and 1,641.0 g in the case of 
sample 2. Thermocouples were introduced equidistantly in the vertical direction inside the beds and the steady state 
was reached. Fig. 9 (a) shows the temperature distribution as a function of time for sample 1. The displayed 
temperatures are measured by thermocouples. They are numbered from ‘5’, for the thermocouple which is placed 
the closest to the bottom of the bed, to ‘1’, for the upper most thermocouple. Sample 2 follows the same type of 
distribution. As it is visible from Fig. 9 (a), the closer to the upper layer of the bed exposed to the concentrated solar 
flux, the more rapidly the steady state is reached. 
Fig. 9 (b) shows the distribution of temperatures across the bed under steady state conditions for both samples. 
(a)                                                                                    (b) 
 
 
 
 
 
 
 
 
Fig. 9. (a) transient temperature distribution for sample 1, (b) steady state temperature distribution across the bed of sand for samples 1 and 2 
 
It is clear that the distribution of temperatures across the bed of sand in the case of both samples is very close to 
linear (R-squared values very close to the unit), and slightly higher in the case of sample 2 than sample 1. The slope 
of the line is directly related to the thermal conductivity of the samples. Even though it cannot be used as an absolute 
value, the slope can well serve to compare the thermal behavior between the two samples. The higher slope of the 
line in the case of sample 1, with a value of 6.95, indicates that the temperature gradient across this sample was 
higher than in the case of sample 2, with a value of 5.83. For these reasons, sand from sample 1 would be probably a 
slightly better material for charging the system than sand from sample 2. 
 
3.2.2. Tests with the conical distributor 
The temperature at the base of the conical distributor was monitored during the tests with a single thermocouple 
(see Fig. 7). The conical distributor, situated at 46.5 mm above the focal plane, was exposed to concentrated solar 
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flux varying between 950-970 W/m2 over the 13 minutes that lasted the test. After the steady-state was reached and 
when 380 seconds were elapsed, sand from sample 2 was fed into de system at a mass flow rate of 0.30 g/s. It was 
found that the steady state temperature of the surface of the conical distributor during operation is significantly 
dependent on whether the sand is flowing over it or not. As indicated by Fig. 10 (a), the steady state temperature is 
reduced whenever the sand is flowing over the distributor. Over 600 oC, agglomerations started to be present and for 
temperatures above 900 oC, intensified agglomeration occurred over the conical distributor surface, which is 
probably due to sintering. This disturbs significantly the flow of sand over its surface, thus making the system 
inoperable. Fig. 10. (b) presents an occurrence of such intensified agglomeration. Additional testing needs to be 
performed to evaluate if and to what extent the movement of sand affects the agglomeration phenomenon.  
It was observed that a uniform curtain of sand falling on the solar receiver did not have any beneficial effect, 
neither in the prevention of agglomeration nor in reaching higher temperatures at the receiver outlet. In fact, it 
increases the convection losses [11]. Also, to obtain a uniform curtain of sand, the distributor needs to be very close 
to the focal plane, thus, increasing the temperature in excess and favoring the agglomeration. For these reasons, the 
conical distributor was removed to allow the sand to be fed directly to the receiver orifice. As mentioned before, the 
orifice is maintained completely chocked and to create a quicksand bed irradiated by the concentrated solar flux at 
its surface.  
     (a) 
 
(b) 
 
Fig. 10. (a) evolution of temperature at the base of the conical distributor during the test at 46.5 mm under the focal plane, (b) intensified 
agglomeration on the surface of the distributor after a different test 
3.2.3. Tests without the conical distributor 
Once the distributor was removed, more tests were carried out and higher sand temperatures were reached at the 
outlet of the receiver, as shown in Fig. 11. The direct normal irradiation (DNI) is also plotted to illustrate its effect 
on the temperature distribution. 
(a)               
                                                                                      
  
Fig. 11. Distribution of sand temperature measured by the thermocouples at the receiver outlet: (a) varying DNI; (b) pseudo-constant DNI 
These two tests were carried out locating the receiver orifice 48.5 mm away from the focal plane and with mass 
flow rates of 0.335 g/s and 0.330 g/s respectively (orifice completely chocked). It is clear that the temperatures 
recorded at the outlet of the receiver follow the same pattern as the temperature at the receiver surface and that they 
are very affected by the DNI conditions at the moment of the test. 
Maximum temperature in the range of 600 oC were reached. Higher values were not obtained in a sustained 
Te
m
pe
ra
tu
re
 (o
C
) 
Time (min) 
(b) 
Time (min) 
 A. Crespo Iniesta et al. /  Energy Procedia  69 ( 2015 )  802 – 811 811
manner due to the agglomeration constraint. This can be easily solved by a stirring mechanism, as in the improved 
prototype that is being prepared. Avoiding this agglomeration, it is expected that temperatures above 800 oC will be 
reached as originally planned. 
4. Conclusion 
Relevant properties of two sand desert samples have been characterized and the elements of the receiver 
prototype of the proposed TES system have been examined. The preliminary results presented in this paper show 
that desert sand from the UAE is potentially a good candidate for TES medium and heat collector in a solar particle 
receiver as part of the innovative presented system. 
During the static tests under the concentrated solar flux, it was observed that sample 1 behaves better than sample 
2 in terms of energy transfer. Thus, sample 1 is probably a slightly better candidate to be used in the system. 
Thermal conductivity measurements will be performed. 
From the dynamic tests it can be said that the temperature would need to be kept under 900 oC to avoid the 
intensified agglomeration. Even if the agglomeration starts above 600 oC, the inclusion of a stirring mechanism 
could easily prevent it if the temperature is kept under 900 oC. To avoid this reduction in the working temperature, 
the sand could be processed. 
Additional characterization of the samples is also required, both thermal and chemical, to be able to fully evaluate 
the thermal behavior of the system and to determine if some sand impurities are melting, thus causing sintering of 
some granules and the agglomeration. Extra testing would be necessary to precisely conclude at which temperature 
the agglomeration begins, and if the fact of the sand being flowing has an effect on it. 
Under the current design, the distributor does not offer benefits to the system so it can be removed. However, 
more testing and with supplementary sand samples is required to perform a further analysis of the prototype to 
effectively validate the prototype as part of the proposed combined solar receiver TES system. 
Finally, serious disturbances due to air flow around the receiver were observed. Some modifications must be 
introduced to reduce them, such as a glass protection being installed around the receiver. 
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